Trace fossils are superb lines of evidence for examining the ancient biologic world because they offer an opportunity to infer behavioral ecology of organisms. However, traces can be difficult to parse from their matrix, which leads to the loss of important morphological and behavioral data. This is especially true for the earliest marine animal traces from the Ediacaran Period (635-541 Ma), which are usually small (<5 mm in diameter) and simple (mostly small horizontal trails and burrows), and are sometimes difficult to be distinguished from co-existing tubular body fossils. There is also evidence that the prevalence of microbial substrates in Ediacaran oceans may have influenced emerging trace makers in nonactualistic ways from a late Phanerozoic perspective (e.g., microbial mats may have facilitated a strong geochemical gradient across the sediment-water interface). Therefore, the discovery of the relatively large traces of Lamonte trevallis from the Ediacaran Shibantan Member of the Denying Formation ($551-541 Ma) in the Yangtze Gorges area of South China provides a unique opportunity to study early bioturbators. These trace fossils are large enough and have sufficient compositional contrast (relative to the matrix) for in situ analysis via X-ray computed tomography (CT) and microcomputed tomography (microCT). Each analytical method has its own advantages and disadvantages. CT scans can image larger specimens, but cannot adequately resolve small features of interest. MicroCT scans can achieve higher resolution, but can only be used with small samples and may involve more post-processing than CT scans. As demonstrated in this study, X-ray CT and microCT in combination with other 3D imaging techniques and resources have the potential to resolve the 3D morphology of Ediacaran trace fossils. A new Volumetric Bioturbation Intensity (VBI) is also proposed, which quantifies whole rock bioturbation using 3D analysis of subsurface traces. Combined with the ability to examine trace fossils in situ, the VBI can enhance our view of ancient ecologies and life's enduring relationship with sediments.
Introduction
Trace fossils offer a unique insight into the behavior of prehistoric organisms during their lifetime by preserving their activities and behaviors as opposed to just the physical imprint of their bodies (Bertling, 2007; Budd and Jackson, 2016; Miller, 2007; Seilacher, 2007) . However, depending on the trace maker, trace size, type of trace, density of traces, and sediment media, it can be challenging to isolate and examine a trace within its matrix (Bednarz and McIlroy, 2009; Jensen et al., 2006; Malpas et al., 2005; Miller, 2007) . Animal trace fossils from the Ediacaran Period (635-541 Ma) are often particularly difficult to examine due to their small size, their simplicity, and their tendency to be preserved on a single plane of preservation (Droser et al., 2005a; Jensen et al., 2005; Sappenfield et al., 2011) . Additionally, simple animal traces from the Ediacaran Period are sometimes similar to tubular body fossils and their preservation in microbial substrates renders it difficult to distinguish Ediacaran body and trace fossils based on bedding plane observation alone (Droser et al., 1999 (Droser et al., , 2002 Jensen et al., 2006; Sappenfield et al., 2011; Tarhan et al., 2015 Tarhan et al., , 2013 . Lamonte trevallis is a relatively large Ediacaran ichnospecies that is preserved differently than most trace fossils from the time period. Discovered in the Shibantan Member of the Deny-ing Formation ($551-541 Ma) in the Yangtze Gorges area of South China, L. trevallis offers a unique opportunity to study early bioturbators (Chen et al., 2013a,b; Meyer et al., 2014b) .
Lamonte trevallis is a millimeter-scale animal trace fossil associated with microbial mats. It includes three components: surface trackways, vertical traces, and horizontal tunnels. These three components are sometimes connected and they were likely made by the same bilaterian animal, representing locomotion (repichnia), resting (cubichnia/domichnia), and undermat mining behaviors (fodichnia), respectively. The horizontal burrows, relatively large for the time period (up to $1 cm in diameter) and preserved in full relief, are the most commonly encountered variant of L. trevallis morphology (Chen et al., 2013a,b) . L. trevallis burrows occur exclusively within clayey and silty crinkled microlaminated layers that are interpreted as the remnants of amalgamated microbial mats (Chen et al., 2013a; Meyer et al., 2014b) . These microbial mats were ubiquitous during the Ediacaran Period, often sealing the sediment from geochemical exchange with the overlying water column (Duda et al., 2014; Gingras et al., 2011; Tarhan et al., 2013; Zakrevskaya, 2014) . The high bedding-plane bioturbation densities and close association of L. trevallis burrows with microbial mats implies that the burrowers were actively moving through the mats, possibly exploring them for oxygen and nutrient resources.
The behavior represented by these traces is often obscure, because the burrow networks frequently have a vertical component (taking them away from the exposed plane of preservation), and are thus hidden within the sediment. Hence, an analytical technique is needed to image the trace fossils in situ and in three dimensions within their matrix. Targeted petrographic thin sections were of limited utility in earlier L. trevallis studies due to their two-dimensional nature and limited coverage (figs. 3 and 4 in Meyer et al., 2014b) . Serial grinding through a hand sample has been used before to examine trace fossils, but this can be time consuming and ultimately destroys the fossil material (Bednarz and McIlroy, 2009; Sutton et al., 2001) . Magnetic resonance imaging (MRI) analysis has also been used to analyze trace fossils, but requires a sufficient amount of porosity that the carbonate matrix of L. trevallis lacks.
The use of X-ray computed tomography (CT) and microcomputed tomography (microCT) has been growing (Abel et al., 2012) and has proven to be useful for non-invasive examination of the interior of vertebrate fossils (Maisano et al., 2006) as well as some soft-bodied fossil material (Sutton et al., 2001) ; and more recently Ediacaran body fossils (Hagadorn et al., 2006; Schiffbauer et al., 2012; Meyer et al., 2014a; Wan et al., 2014) . This analytical method has thus far been used only a few times to examine trace fossils (Meyer and Polys, 2015; Parry et al., 2015; Yaqoob et al., 2015) , and the prospects for the field of ichnology are extremely promising. L. trevallis fossils are large enough and have sufficient compositional contrast (relative to the matrix) for CT and microCT analysis (Meyer and Polys, 2015; Yaqoob et al., 2015) . Hence, using this novel fossil processing technique, this research addresses the following questions: (1) Can L. trevallis fossils be virtually extracted from their matrix? (2) Can the amount of bioturbation of the traces be quantified? and (3) What relationships did the L. trevallis trace makers have with the sediments?
Geological setting
The geological setting and stratigraphic framework of the Dengying Formation (Fig. 1 ) in the Yangtze Gorges was presented in detail by Chen et al. (2013a,b) and Meyer et al. (2014b) . To summarize, the Dengying Formation overlies the early-middle Ediacaran Doushantuo Formation (635-551 Ma) and underlies early Cambrian Yanjiahe Formation (Dong et al., 2009; Jiang et al., 2012) . The Dengying Formation records the latest $10% of the Ediacaran Period in South China, but it can have up to three times the thickness of the underlying Doushantuo Formation, which records the preceding 90% (Jiang et al., 2011; Zhou et al., 2017) . The Dengying Formation was deposited on a shallow water carbonate platform, and its age is constrained to 551-541 Ma (Condon et al., 2005; Jiang et al., 2009; Zhu et al., 2009) . The Dengying Formation is divided into three units, in order of ascending age: the Hamajing, Shibantan, and Baimatuo members (Fig. 1B) .
The samples analyzed in this work were collected from the Shibantan Member. This is the most fossiliferous member of the Dengying Formation and contains numerous body and trace fossils. Body fossils include Vendotaenia (Anderson et al., 2011) , Paracharnia (Sun, 1986) , Yangtziramulus Xiao et al., 2005) , Curviacus (Shen et al., 2017) , Pteridinium and Rangea , as well as trace fossils such as Palaeophycus/Planolites, Helminthoidichnites, and Torrowangea (Weber et al., 2007; Zhao et al., 1988) . The Shibantan Member at the collection site ( Fig. 1C and D) is composed of dark gray, thin-bedded, bituminous limestone likely deposited in a shallow subtidal setting. Layers exhibiting cross stratification and rip-up clasts are rare but present, indicating that episodic high-energy events, such as storms, affected the depositional environment (examples of these can be see seen in fig. 2E and F of Meyer et al., 2014b) . Crinkled microlaminae consisting of organic-rich, calcareous clays and silts are very common, and are often intercalated with thin limestone layers of intraclastic, pelloidal, and oolitic packstone and grainstone (Fig. 1B) . These crinkled microlaminae are interpreted as microbial mats that trapped silts/clays and were subsequently cemented by diagenetic calcite (Chen et al., 2013a,b; Meyer et al., 2014b) . The intraclastic limestone layers range from 0.5 to 20 mm thick, consisting of fine-grained ($50-100 mm) peloidal and oolitic packstone and grainstone. The microlaminated layers are 0.1-2 mm thick and contain more abundant clays and silts compared to the intraclastic limestone layers. Some clayey layers appear to be much thicker, but these are actually many, tightly packed clayey laminae (Fig. 1B) . Lamonte trevallis fossils occur exclusively in the microlaminated layers.
Methods and materials
The analyzed hand samples, Lt1 and Lt2 (Fig. 2) , were collected from a quarry near Wuhe in the Yangtze Gorges area (30°46 0 51.61 00 N, 111°02 0 24.96 00 E) where the Shibantan Member is quarried as a raw material for construction purposes. The hand samples were collected as float from the top of the northern most quarry wall ( Fig. 1D ), $70 m above the base of the Shibantan Member. The hand samples were selected for their prominent Lamonte trevallis traces, which were partially exposed on their surfaces; and their sizes, which made them appropriate for use with the CT scanner. These trace fossils and associated hand samples have been deposited in the Virginia Polytechnic Institute and State University Geoscience Museum (VPIGM).
MicroCT analysis of Lt1
Lt1 (VPIGM-4696) was scanned via microCT (Figs. 3 and 4) using a Bruker SkyScan1173 at Micro Photonics in Allentown, PA, USA. Only part of the total hand sample was scanned ( Fig. 2A-D) . A Hamamatsu flat panel X-ray source operating at 130 kV and 0.61 mA with no X-ray prefilter was employed. An empty container wedge was used. Slice thickness corresponds to one line in a CCD image intensifier imaging system, with a source-to-object distance of 251 mm, resulting in 0.05 mm interslice spacing. For each 2240 Â 2240 pixel slice, 1800 views were acquired with 10 sam- The scan data were processed to reduce ring and beamhardening artifacts, and 16bit TIFF image stacks were reconstructed (1924 slices). The stack of images was further processed using open-source image processing, segmentation, and volume rendering tools to create 3D reconstructions of the features of interest. Because of the large size of the original data volumes (2.6 Gb for Lt1), the images were reduced to 1024 Â 1024 pixels and 8bit depth using ImageJ (Schneider et al., 2012) to facilitate rendering. The resulting stack was saved as a RAW file and then converted to NRRD format using the command line utility UNU (2013) for initial rendering and import into segmentation software.
CT analysis of Lt2
Lt2 (VPIGM-4697) was scanned via CT (Figs. 3 and 4) using a Siemens SOMATOM Emotion 6 at Smithsonian Museum of Natural History in Washington, DC, USA. An X-ray source operating at 130 kV and 100 mA was employed, resulting in 389 slice images with an inter-slice spacing of 0.63 mm. The CT scanner output the data in the DICOM format, which were exported as a series of JPG images using the software OsiriX (Rosset et al., 2004) . The stacks of images were filtered in MATLAB to correct ring-shaped artifacts through use of a script for subtracting fixed pattern noise. The resulting corrected images were compiled into the NRRD format with UNU. The NRRD file was then imported into Seg3D and . These are commonly found in the clayey layers of the Shibantan Member. (E) Lt2 (VPIGM-4697), looking down onto bedding plane. A large surface trace, preserved in full relief, is easily seen and outlined in dashed lines. Lighting was from upper left. The upper half of this trace fossil is preserved as negative epirelief, whereas the lower half (below the solid curve) is preserved as positive epirelief. White arrow points to an example of smaller trace fossils that also present on the exposed surface. Yellow arrow points to L. trevallis specimen which is overlain by smaller traces. The leftmost purple arrow points to small traces that appear to be on top of the large trace, but this is an artifact of preservation. Bracket represents face pictured in F and G. (F) Cross section view of lateral face of Lt2. Clayey (light) and carbonate (dark) layers are visible. Purple arrow points to large surface L. trevallis specimen seen in E. Smaller purple arrow points to cross-section of in situ L. trevallis. (G) Same lateral face as shown in F, however the light and photograph angle is now from below to highlight the weathered surface. Clayey layers are softer and have preferentially been weathered out compared to the carbonate layers. Purple arrow points to large surface L. trevallis specimen seen in E and F. Scale bar in A and B = 1 cm, C = 1 mm, D = 2 mm, E-G = 1 cm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) segmented into individual fossil traces using a combination of manual mask-painting and semi-automated tools.
Data processing procedure
The volumes for both Lt1 and Lt2 were then segmented into individual fossil traces by a combination of manual mask painting and semi-automated tools available in Seg3D (CIBC, 2013), an image processing and segmentation application built on ITK (Yoo et al., 2002) . The segment masks of interest (individual specimens) were then exported as image stacks, resized using ImageJ to a useable 258 Â 258 Â 258 voxels for real-time rendering, and converted to NRRD using UNU. Finally, the NRRD segments were composited and rendered using H3D (Sensegraphics, 2013) , an X3D browser with strong support for NRRD and the volume rendering styles provided by the X3D 3.3 standard (Brutzman and Daly, 2007; Consortium, 2016) . Each segment was represented as an isosurface and uniquely false-colored for easy visualization (Fig. 3) . The original microCT data, along with all reslicings and derivative animations are deposited online at Morphobank.org, in a special project link (http://morphobank.org/permalink/?P2562).
Analytical results
Both CT and microCT scans (Figs. 3 and 4; see also Appendix A. Supplementary data) revealed similar lithological information in fine detail. The carbonate matrix is lighter (i.e., more X-ray attenuation) than the dark clayey layers, which is the opposite of the reflected light appearance (Fig. 2F ). Lamina as thin as 0.5 mm in CT and 0.1 mm in microCT can be observed (Fig. 4A-D) with the truncation and separation of clayey layers by the traces clearly visible in 2D slices (Fig. 4) .
Voids, joints, or cracks in the rocks appear black (Fig. 4A) . The separation of layers along bedding planes is the most frequent type of void observed, primarily within the clayey layers (Fig. 4C) . Cracks within the carbonate layers are usually vertical and connected to other cracks along surrounding clayey beds. Pyrite is present as bright white spots or areas in the scan images (Fig. 4C, E) . Lt2 has numerous large pyritic chunks ( Fig. 4B and C) that occur in both carbonate and clayey layers. Interestingly, Lt2 also has the only known pyritized L. trevallis trace known (red color ,  Fig. 4C ); previous to this find it was not known that L. trevallis traces could be pyritized. Lt1 does not have any large concentrations of pyrites, but many small pyrite crystals occur in the carbonate layers (Fig. 4E) .
The Lamonte trevallis fossils in these analyzed hand samples exhibit behavioral patterns similar to those inferred from petrographic thin section observations (Meyer et al., 2014b) . Some layers contain only a single trace while others contain numerous burrows and tracks ( Fig. 4A and B) . Each hand sample analyzed contained a unit where there were so many traces that it was difficult to parse out individual burrows successfully (see bracketed layers in figures); these units were left out of the reconstructions since the entire units would have to be used rather than individual traces. Lamonte trevallis specimens recognized in scan imagery vary in size in both Lt1 and Lt2 due to differences in actual trace size, compression or flattening, taphonomic overgrowth due to recrystallization, and scanning resolution (Fig. 3) . Their morphologies range from narrow to wider tube-shaped burrows that are ellipsoidal in cross-section. Most burrows scanned are rather small, only a few millimeters in width and a couple of centimeters in length (Fig. 3C, E) . However, the largest surface specimen on Lt2 is almost 1 cm in width and up to 6 cm in length (purple specimen in Fig. 3E ).
Tube-shaped burrows can be followed along most of their course (white arrow, Fig. 3A-D) ; although in layers where burrows are dense it can be difficult to follow a single trace to its termination (Fig. 4B) . Burrows do not appear to intersect each other (Fig. 3 ), but they can be found over-lapping each other (colored arrows, Fig. 3C and D) . Flattening of traces along their path is a common phenomenon. Flattened traces (Fig. 4F) , while much fainter than the more three-dimensionally preserved burrows, can still retain some of their collapsed morphology (e.g., archshaped transverse profile). These interior features are difficult to resolve because they are so close in size to the resolution limit of the microCT scans and they cannot be resolved in CT scan data. Vendotaenia specimens are found on numerous layers of both scanned specimens, especially on some layers on Lt1 (Fig. 2D) . However, they do not appear on the microCT imagery though they are within the resolution of the detector. This could be due to low contrasting densities between the fossils and the matrix, especially if they are clay imprints rather than fully carbonaceous fossils (Anderson et al., 2011; Meyer et al., 2012 Meyer et al., , 2016 .
Taphonomic and paleoecological discussion
The scans of Lamonte trevallis reveal interesting features not observed in previous studies. The morphology of the tube-shaped burrows is surprisingly robust over numerous scales. Small and large burrows have roughly the same aspect ratios in cross section (i.e., minimum width vs. maximum width ratios of about 1:4). This may suggest a trace maker that keeps a consistent body shape through its lifecycle or a common degree of compaction. We argue for the former, as other burrow fossils (such as Helminthoidichnites) in the same formation, which would have undergone the same compaction pressures, are often preserved as highly collapsed or flattened features (Steiner et al., 2001; Weber et al., 2007) . There continues to be no evidence for backfilling in the internal structure of the fossils. This may be a function of resolution (present, but not detected) or it may be not present at all. There appears to be some evidence for possible domichnia (habitation) areas (the vertical component as described in Meyer et al., 2014b) in a circular trace that has two tubes coming out of it at right angles (Fig. 4G ). This study did not find evidence for feeding patterns (either grazing or hunting fodinichnia) or true multi-nodal networks, but this is likely a sampling effect of such small hand samples scanned in this study. The pyritization of some traces (Fig. 4C) indicate that there could be significant amounts of organic matter in the traces. Whether this organic matter was derived from food or fecal matter is not apparent from the scan data. Larger slabs would likely result in more trace network data; however, there are still technical difficulties in scanning larger slabs. If those technical methods can be overcome, information gained could be used to further investigate key events in the evolution of animals that significantly impact the geobiological dynamics at the Ediacaran-Cambrian transition.
Estimating bioturbation intensity: 3D vs. 2D
A major disadvantage of traditional ichnological and petrographic methods is the reliance on generally two-dimensional data: exposure surfaces and (petrographic) thin sections (Bednarz and McIlroy, 2009 ). Extracting trace fossil data from surface exposures has a long history (Seilacher, 2007) , but there is still much difficulty studying them if the traces are small, difficult to discern, or have a complex relationship with the host matrix. Thin sections can reveal a remarkable amount of information, but they do not cover large areas and require laborious preparation. The use of Xray commuted tomography (CT) can image a rock sample in minutes and, with the right software in hand, lead to almost instantaneous data analysis (Gingras and Smith, 2015) . This is one of the reasons why the oil and gas industry has moved to the use of CT and microCT analysis of cored geological materials (for rapid acquisition of important porosity, permeability, density, and structural information), although it is taking some time for these results to get into the non-proprietary sphere (Gingras and Smith, 2015) . Serial grinding and Magnetic Resonance Imaging (MRI) have been used more frequently in paleontology and ichnology, although both are more time consuming than CT methods (Gingras and Smith, 2015; Gingras et al., 2002; Leaman and McIlroy, 2016) .
The more widespread use of 3D datasets to investigate traces has implications for numerous aspects of paleoichnology. Surface bias in modeling trace morphology can be mitigated using 3D analysis since an investigator can swipe through slices of data and examine a specimen from all angles, creating their own 'virtual surfaces' and cross-sections. Sub-surface bias can also be lessened since the within-matrix (or in situ) morphology of the trace can better be fully imaged. The most significant implication of 3D data on ichnology is on studies related to bioturbation intensity and bioturbation index. This is especially important near the Ediacaran-Cambrian boundary where metazoan 'ecosystem engineering' has been invoked as a driver for the disappearance of the unique Ediacara fossils (Darroch et al., 2015; Erwin and Tweedt, 2012; Laflamme et al., 2013) . A method that provides quantitative measures for bioturbation and sediment mixing during this critical interval could have important applications. Bioturbation intensity (BI) has generally two components (horizontal and vertical), which show different aspects of infaunal behavior; the vertical component is usually the one used to analyze advances or innovation in trace making (Droser et al., 2005b Seilacher, 2007; Tarhan et al., 2015) . Here we propose an adjusted BI for 3D data, the Volumetric Bioturbation Intensity (VBI).
Volumetric bioturbation intensity (VBI)
The VBI is similar to the traditional BI in that it is a measurement of bioturbation on a percentage basis, but it is based on three-dimensional volumetric measurements rather than twodimensional areal measurements. All computational work follows from the calculation of voxel size. Pixels are the smallest addressable element in a 2D image (size = area), whereas voxels are that same element, but with 3D data (size = volume). Since 3D data are collected as 2D slices which are stacked into a 'volume set' (and thereafter considered volume data), any volume analysis will have gaps in the data. These gaps can be micron-sized for interslice gaps in CT imaging or up to millimeter-sized gaps between surface images in serial grinding (depending on the features examined). The gap distance needs to be incorporated into voxel size. Hence, imaging pixel size multiplied by the gap distance gives the voxel size. Many scanning devices and 3D imaging software can automatically generate voxel size, but these numbers should always be confirmed (CIBC, 2013) .
Once voxel size is calculated, then the actual volume of both the rock sample and traces can be calculated, and the following equation can be used:
where S t is the total scanned volume, E t is the total 'empty' scanned volume that surrounds the rock sample, and R t is the total rock sample volume. This equation may not always need to be used, but takes into account for the excess space surrounding a specimen that may otherwise be difficult to differentiate in 3D reconstruction software. Once R t is known, then VBI can be calculated in a similar manner to the traditional BI:
where R t is still the total rock sample volume, and T t is the total trace volume.
Lamonte trevallis VBI
Using the above measurements and equations, the VBI of the scanned L. trevallis specimens can be calculated (Table 1 ). The VBI of Lt1 and Lt2 are 1.32% and 1.81%, respectively. The consistency of the VBI between the two samples shows a robustness for the calculation of this ichnogenus, even when the scale of the fossils and analytical technique differs. The VBI is much lower than the vertical and horizontal BI that has been previously reported for this fossil (Meyer et al., 2014b) , which ranged from a horizontal BI or $40% to a vertical BI of $5%. This could be due to a sampling bias for two reasons: 1) the previous calculation of horizontal BI omitted bedding surfaces without traces, and 2) this study underestimates the amount of bioturbation because layers with densely packed trace fossils were not included in the analysis due to segmentation difficulties. In both Lt1 and Lt2, there are layers that were completely bioturbated that were left out of the VBI calculations; these units would have likely increased VBI by a few percent (bringing it more in line with previous estimates).
Conclusions
One of the most important innovations in the early evolution of animal bioturbation was the exploration and penetration of the ubiquitous microbial mats that were present throughout the Precambrian. The development of bioturbation led to deeper sediment infiltration and greater geobiological dynamics at the EdiacaranCambrian transition; Lamonte trevallis epitomizes early development of bioturbation. The unique preservation of the L. trevallis burrows has enabled effective 3-D imaging via CT and microCT scans, although each analytical method has its own advantages and disadvantages. CT scans resolve sedimentological and paleontological information of relatively large specimens at millimeter-scale resolution. MicroCT scans can have ultra-high resolution (~0.1 mm), but can only be used with small samples and may involve more post-processing than CT scans. When used in combination, these methods allow the calculation of VBI that provides a more accurate and quantitative assessment of bioturbation in three dimensions. A more widespread application of this methodology could stimulate resurgence in trace fossil research. This type of data is also easily adaptable for educational purposes and general outreach activities. Increasingly there are more publicly available data repositories (for the large amounts of data created by CT analysis) and more outreach initiatives looking for 3D or augmented-reality datasets for discovery-based teaching. The development of inexpensive 3D viewing platforms (such as the Oculus Rift, HTC Vive, or Microsoft Hololens) means that accessing these data, in 3D, is simpler (and cheaper) than ever before. The preliminary success of CT scanning of fairly simple traces demonstrated here opens up the opportunity for analysis of many other traces (of any geologic era) in new and imaginative ways while also expanding our understanding of Earth's first bioturbators.
